Background: The European Chemical Agency (ECHA) definition of prolonged contact was introduced in 2014 and has not been evaluated clinically.
| INTRODUCTION
Contact allergy to nickel is prevalent worldwide, with up to 17% of women and 3% of men in the general population being nickelallergic. 1 Although exposure to soluble metal salts may occur in some occupational settings, the high prevalence of nickel sensitization in the general population is primarily attributable to the use of nickelreleasing consumer items that come into direct and prolonged contact with the skin, particularly skin piercings and jewellery. The release of nickel ions is responsible for causing both the induction of nickel sensitization and the elicitation of nickel allergic contact dermatitis (NiACD) in nickel-allergic individuals, which are threshold effects, requiring the release of ions above a specific amount to cause a reaction. Skin piercings and jewellery have historically been considered to be the most common causes of nickel allergy, but it is challenging to estimate their current role in inducing and eliciting NiACD. The nickel release of jewellery and piercings are covered by regulation in the EU, but compliance is uncertain. It is the release of nickel ions at contactthat is, the skin dose-that is responsible for causing induction of nickel allergy or elicitation of NiACD. Both nickel sensitization and NiACD require a specific duration of exposure to nickel-releasing items. This is, in part, attributable to the time needed for corrosion of the material in order to release nickel ions. Several factors contribute The copyright line for this article was changed on 10 July 2019 after original online publication.
to variations in the amount of corrosion and the release of constituent ions, including composition, surface area, surface coating, and texture.
Time is also needed for absorption of the released nickel ions into the skin. Finally, there is the interaction with the immune system. It is generally accepted that numerous alloys, such as many stainless steels that contain nickel, do not release a sufficient amount of nickel ions to cause either nickel sensitization or NiACD.
In 1991, Denmark instituted a regulation restricting nickel use in consumer products. 2 On the basis of the Danish measure, legislation in the EU was enacted in 1994 as Council Directive 94/27/EC (12th amendment of Directive 76/769/EEC). 3 This legislation (the "Nickel Directive") was aimed at decreasing consumer dermal exposure to nickel-releasing articles intended to come into direct and prolonged skin contact, to prevent new nickel sensitization in all non-nickelallergic individuals, and to prevent NiACD in the majority of already nickel-sensitized individuals. The Nickel Directive was then incorporated into the EU REACH Regulation in June 2009 as a restriction under entry 27 in Annex XVII. 4 An important aspect of this regulation was the identification of types of article "intended to come into direct and prolonged contact with the skin". Although examples of articles that meet these criteria are provided in the regulation, no specific definition of "prolonged contact" was included. In order for EU member countries to adequately implement this legislation, a definition of "prolonged contact with the skin" was requested from the European Chemicals Agency (ECHA).
In 2013, the ECHA completed an analysis of the available literature, 5 and concluded that "prolonged contact with the skin is defined as contact with the skin of nickel of potentially more than either 10 minutes on three or more occasions within two weeks, or 30 minutes on one or more occasions within two weeks."
This guidance definition of prolonged contact was approved by the European Competent Authorities for REACH and CLP (CARACAL) in April 2014. Very little directly relevant scientific information was available at the time of the ECHA literature review, resulting in these quite conservative assumptions being used to define prolonged skin contact. Our study was designed to explore this definition of prolonged and repetitive skin contact by testing nickel-releasing metallic materials (ie, nickel metal and nickel-plated brass discs) on nickelsensitized individuals for the varying times included in the definition.
| METHODS

| Study phases
The study was divided into 2 phases, based on the use of 2 different types of material for testing. Each phase contained different participants; that is, no individuals from Phase 1 were included in Phase 2. Phase 1 involved testing nickel metal discs (>99.9% nickel) as high nickel-releasing material, similar to the surface of nickel-plated fashion jewellery, which is a common cause of nickel dermatitis. After Phase 1 results showed a lack of reactivity to the nickel metal discs, Phase 2 was conducted with nickel-plated brass discs that had higher nickel release rates than the nickel metal discs, and were more similar metallurgically to nickel-plated fashion jewellery. The same protocol and patch testing/visit schedule was used for both phases, with the only difference being the type of disc material used for testing.
| Materials
Nickel metal discs (>99.9% nickel; 7 mm in diameter × 1 mm in thickness; surface area of 38.4 mm 2 ) were provided by Vale Canada Limited (Toronto, Canada) for the first 20 subjects in the first phase of the study. Nickel-plated brass discs (bright barrel nickel electrodeposit over brass-based metal [70% Cu:30% Zn]; average plating thickness of 110 μm; 7.3 mm in diameter × 1.2 mm in thickness after plating; surface area of 41.9 mm 2 ) were manufactured and supplied by Hong Kong Productivity Council (HKPC) (Kowloon, Hong Kong) for the next 25 subjects in the second phase of the study.
Nickel metal discs were all of similar size, shape, and appearance, with a smooth finish and slight roughness at edges where they had been sanded to remove sharp edges. Nickel-plated brass discs were all of similar size, shape, and appearance, with a smooth finish all around as a result of plating. A batch of 150 for each disc was provided by the manufacturer. Discs were produced at the same time for each material, so individual discs within each batch would be assumed to have the same metallurgical characteristics.
| Nickel release testing
Representative discs of both materials used in the study were tested for nickel release with EN 1811:2011 + A1:2015. As testing with this methodology requires expertise and specific equipment that was not available to the study centre conducting the patch testing, laboratories with significant experience in using the EN 1811 protocol were contracted to conduct this testing. Sweden), which detects free nickel down to a limit of 10 ppm. According to the manufacturer's instructions, a sterile cotton tip was infused with 2 to 3 drops of DMG reagent and passed over the surface of the disc for 30 seconds. The presence of nickel was indicated by the cotton tip turning pink, caused by the DMG forming an insoluble salt with nickel. The disc was then wiped with sterile gauze.
| Study participants
Nickel-sensitized individuals aged ≥18 years were identified from the ODREC database, having previously been patch tested between January 2013 and March 2017, and found to have positive reactions to nickel. This database comprises all patients patch tested from 1993 to the present day.
As part of their broader patch testing process, individuals had been patch tested with nickel sulfate 5% pet. (Chemotechnique) by the use of allergEAZE Patch Test Chambers (SmartPractice, Phoenix, Arizona), with patches being applied to the back for 48 hours and readings being performed on day (D) 2 and D4 according to the ICDRG criteria. If patch testing had taken place >6 months previously, subjects were patch tested again with nickel sulfate 5% pet.
(Chemotechnique) by use of the method described above, to ensure that they were still sensitized.
Further participants were recruited by advertising to staff and patients at the Skin and Cancer Foundation and at a nearby university.
Individuals from the public who gave a history of possible nickel allergy were patch tested with nickel sulfate 5% pet.
(Chemotechnique) by use of the method described above. Only those with a positive patch test result were then invited to participate in the study.
Eligibility criteria included having a positive patch test reaction to nickel sulfate, lack of current dermatitis, and no ongoing treatment with immunosuppressive medications such as corticosteroids. Pregnant or breastfeeding women were ineligible to participate. Participants were comprehensively informed about the study, and underwent a formal consent process. In particular, they were advised about the likelihood of developing positive patch test reactions as part of the study. Ethics approval for the study was obtained from St Vincent's Hospital Melbourne Human Research Ethics Committee (approval no: HREC-A 047/15), which oversees research ethics at the Skin and Cancer Foundation. Subjects were not paid to participate in the study, but did receive a small payment to cover travel expenses.
| Patch testing with nickel-releasing discs
In both Phase 1 and Phase 2, subjects were patch tested with nickelreleasing discs as per the schedule in Table 1 , which shows the timing of visits for patch testing and D2/D4 readings, and the duration of application for each visit. The durations of the short, repeated applications of the metal discs were 10 minutes, 30 minutes, and 60 minutes.
These applications occurred on 3 occasions over a period of 2 weeks, in accordance with the repeated exposure section of the ECHA guidance definition of prolonged contact with the skin (10 minutes), and with 2 additional longer time periods (30 minutes and 60 minutes) (Table 1) . Single, longer applications of the discs were subsequently performed at the same application sites, lasting for 30 minutes (as per the ECHA guidance definition for prolonged contact), 60 minutes, and 120 minutes, addressing the single-exposure part of the ECHA guidance definition. On D1 of the study period, in all but 1 subject (the first to be tested), patch testing was also performed with the discs for 48 hours on a different area of the back, with readings on D2 and D4, to determine reactivity to the discs.
Between September 2015 and April 2017, a total of 45 subjects were patch tested with either nickel metal discs (in Phase 1) or nickelplated brass discs (in Phase 2). Further details of the discs are provided in "Materials" above. Subjects were asked not to apply any moisturizer or leave-on products to the back for the duration of the testing. The discs were stored together in sterile plastic containers in a temperature-controlled environment at 22 C. They were handled with sterile plastic forceps.
The same 3 nickel discs were used for each subject across all applications. At the first application, the 3 nickel discs were spot tested with DMG, and then gently wiped with sterile gauze. For each For the short, repeated applications (visits 1, 3, and 5), the 3 nickel discs and the 3 control chambers on the contralateral side were applied in triplicate at time 0 ( Figure 1 ). The first nickel disc and control chamber were removed from the back at 10 minutes, the second disc/control at 30 minutes, and the third disc/control at 60 minutes;
an electronic timer was used to ensure precision. For the single, longer application (visit 7), the 3 nickel discs and 3 control chambers were again applied in triplicate at time 0 ( Figure 1 ). On this occasion, the first nickel disc and control chamber were removed at 30 minutes, the second disc/control at 60 minutes, and the third disc/control at 120 minutes. The same nickel discs were retained for each subject and reused for each application at the same site as previously. In between uses, the discs were wiped gently with sterile gauze and stored in sterile plastic containers specific for that individual, with the discs not in contact with each other. They were not washed or treated with any cleaning fluid. They were not reused for another subject. Removed after 60 minutes (120 minutes for long application) 
| Demographics of subjects
| Reactivity of subjects to nickel discs
For the 48-hour patch tests, at the D4 reading, 16 of 19 Phase 1 subjects had positive patch test reactions to the nickel metal discs, and 22 of 25 Phase 2 subjects had positive patch test reactions to the nickel-plated brass discs (Table 3) . Only 1 of the reactions in either Phase 1 or 2 was +++, with most reactions being only +.
Overall, the reactions to the nickel metal discs were not significantly different from those to the nickel-plated brass discs (χ 2 test; data not shown).
| Reactivity to nickel metal discs applied for short periods (Phase 1)
There was only 1 participant who had somewhat consistent allergic reactions on testing with the nickel metal disc. The shortest application time to which she reacted was on D11 for the 48-hour reading after their third repetition of 30 minutes of testing (visit 6; see Table 1 for schedule). She did not react to the disc for the 10-minute applications or the repeated 60-minute applications. She had a history of pierced ears at 13 years, application of orthodontic braces at age 15 years, and reactions occurring with cheap jewellery.
Another subject had inconsistent reactivity, with + reactions to the disc on D7, D9 and D11 for the second and third repeated 60-minute applications (visits 4, 5, and 6; Table 1 ), but no reactivity following the single applications of 30 minutes, 60 minutes, and 120 minutes, or for the fourth application of the discs at all time periods.
A third subject developed doubtful but not positive reactions on D18 for the 96-hour readings of the single 60-minute and 120-minute applications (visit 9; Table 1 ).
A fourth subject also showed inconsistent reactivity by developing a positive reaction on D18 for the 96-hour reading of the single 60-minute application (visit 9; Table 1 ) but not for the longer 120-minute exposure time.
There were no positive reactions in the control tests. A fifth subject had a doubtful reaction on D9 for the 120-hour reading after the second repetition of the 30-minute control test application (visit 5; Table 1 ). Complete results for these participants are shown in the Online Supplement. 
| Patch test results
To more accurately determine the definition of prolonged contact in the context of NiACD, patch testing in nickel-sensitized individuals was conducted for varying amounts of time with 2 different nickelreleasing materials (nickel metal and nickel-plated brass). It was surprising that several subjects did not react to the nickel (4/19) or nickel-plated (3/25) discs even at the 48-hour patch testing, despite the nickel release rate being significantly higher than the EU nickel restriction rate limit, as documented by both AOB and HKPC. Because the elicitation threshold varies between individuals, they will react differently to items releasing nickel. These results highlighted that the nickel release rate limit included in the EU nickel restriction may be considered to be conservative, as items releasing 10 times more nickel than the limit may not elicit allergic reactions in all nickel-allergic individuals even after 48 hours of exposure.
Because the elicitation threshold varies between individuals, individuals will react differently to items releasing nickel. As a result, the EU nickel restriction aim was to "protect the majority, but not all, of those sensitized". 7 This is because "the available data suggests that whilst the release rate of 0.5 μg Ni/cm 2 /wk after direct and prolonged contact is sufficient to protect against elicitation of an effect in a substantial part of the population, complete protection for the most sensitive sensitised persons may only be achieved at levels that could be an order of magnitude lower". 8 The percentage of nickel-sensitized individuals protected by the number can be estimated from the number of individuals with clinical reactivity in the study by Menné et al, 9 which is the primary source of the EU nickel restriction (and the Danish regulation) release rate limit of 0.5 μg Ni/cm 2 /wk. The materials with a release rate lower than this caused clinical reactivity in 3% (stainless steel), 11% (white gold) and 23% (nickel tin) of the nickelsensitized individuals in the study. The EU restriction could thus be hypothesized to protect an approximate minimum of 77% of nickelsensitized individuals.
Only 1 study subject showed somewhat consistent reactivity to either of the high nickel-releasing materials for the shorter time periods tested. This subject showed a reaction to the nickel metal discs at 48 hours after the third repetition of the 60-minute application. However, there was a doubtful reaction at 120 hours. Subsequent testing at the single exposure times of 30, 60 and 120 minutes all showed allergic reactivity. It should be noted that, although these exposures were single applications, they were applied at the sites of the previous exposures. As a result, the single applications essentially constituted a fourth repeated exposure in a 2-week period. This previous exposure to the same site probably primed them for allergic reactivity, as would be expected with repeated exposures, but may not be representative for single repetition exposures at those sites. Therefore, the results for the single repetition overestimate reactivity at locations not previously exposed. It is interesting that only the 48-hour reading was positive (but weak) for the 60-minute third repetition, with the 120-hour reading being equivocal, and all other tested times not showing a reaction.
The inconsistent reactions in the other 4 subjects did not correlate with increasing exposure times, and did not show a doseresponse relationship, and so are not considered to be reliable or predictive of the time needed to develop NiACD. There are limitations to the use of patch testing to predict reactivity, because it is does not simulate some types of real-life handling situation, which include factors such as friction. Erfani et al 10 found that the highest amount of nickel was deposited by pure nickel metal after repeated touch testing, although no nickel-plated materials were tested for comparison.
Although touch testing does create more friction than patch testing, possibly disrupting the surface layer of oxidic nickel more than patch testing, occlusion is also known to create conditions that increase corrosion, owing to contact with sweat. 11 In addition, the allergen dose is concentrated and focused on a single area of skin. Different uses are mimicked by each of these types of testing, with items such as watches and some types of jewellery being more satisfactorily represented by prolonged, occluded exposure.
| Patch test variability
As noted in Table 3 , there is variability in the degree of sensitivity to nickel, as shown by only a minority of nickel-positive clinic attendees and the study group having +++ reactions on patch testing. Patch test variability for nickel sulfate has been previously shown within the same individual at different times. 12 Emmett et al 13 Given that only 1 subject of the 45 tested with either high nickelreleasing material reacted in an even moderately consistent manner, it has been shown that the shorter times tested were not sufficiently long enough to cause NiACD in most of the nickel-sensitized individuals with the materials tested. This is consistent with previous studies of patch testing nickel-allergic patients with nickel sulfate. It was reported that the shortest time of reactivity was 1 hour, and that half of the individuals did not react until after 6 hours. 17 On testing for 20 minutes with nickel sulfate solution (not in pet.), 3 of 9 individuals showed a positive reaction. 18 Testing of nickel-allergic subjects for 6 hours with 7.5% nickel sulfate showed that only 4 of 8 subjects reacted, as compared with 8 of 8 tested with 5% nickel sulfate (standard patch test concentration) at 48 hours. The findings of our study are consistent with those of other studies, in which patch test reactivity to nickel required exposure in hours, and not just minutes. Given that these results were for soluble nickel salts, for which corrosion was not required for release, and the nickel ions were readily available, it is logical that additional time would be required for corrosion and solubilization of the same amount of nickel ions. However, the current study did not test longer than 2 hours, so the actual time needed for a significant number of nickel-sensitized people to develop an allergic reaction to nickel released from metal in this test situation is not known, but would be likely to be longer than 2 hours for a single exposure. Again, this study was unable to assess real-life factors such as friction resulting from handling of metal.
| Sensitivity of patch test location
The sensitivity of different parts of the body of nickel-allergic individuals has been examined with patch testing. It was found that the back was the most sensitive in all individuals. 19 However, another study showed that different areas of the back were not significantly different in reactivity. 20 Therefore, the results of the study presented here are expected to be representative of reactions in other parts of the body of the same individual.
| Short contact with nickel metal
Most nickel-sensitized individuals did not react after short contact times. The EN1811 test and the associated nickel release limit were designed for comparison of 48-hour patch test reactivity and 1-week nickel release test results, based on a study by Menné et al. 9 The 1-week time point for nickel release results correlated the best with clinical reactions at the times tested in that study. Therefore, it is not surprising that shortening of the patch testing times for nickel metal and nickel-plated discs would show a lack of predictive capacity.
This type of study has been performed by several authors to better understand potential skin exposures associated with short and frequent contact. 10, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] The methods used in these studies vary from nickel release tests on articles or materials, to wipe testing of surfaces or skin. Many of these studies have shown nickel release rates and/or skin exposures greater than the EU nickel restriction release limit of 0.5 μg/cm 2 /wk. However, none of these studies was designed to correlate the exposures with clinical reactions. As explained above, the release limit was derived specifically for certain time periods and only for nickel release, which may not be representative of dermal exposure. Theoretically, the appropriate nickel release limit for items associated with short exposure may differ significantly from the current EU nickel restriction limit. This would need further investigation and validation with clinical reactivity, as was performed for the current nickel release rate limit for longer time periods. 9 The study by Julander et al 30 Bridging of the existing data in the studies above and the data in the present study could include dermal measurement of nickel concentration, in association with the clinical reactivity, for the various time periods.
| Slow absorption of nickel
The need for time periods in hours (and even days) rather than minutes for an NiACD reaction is, in part, attributable to the slow and low absorption of nickel ions through the skin. Dermal absorption of nickel ions from nickel metal powder was measured by tape stripping of volunteers' skin after exposure to nickel metal powder for multiple time points from 5 minutes up to 96 hours. 33 Dermal absorption ranged from 0.07% at 5 minutes to 0.2% at 96 hours, showing both the significant amount of time needed for absorption, and the low amount of the dose absorbed from nickel metal. Similarly, an in vitro study using human skin showed that the metal is indeed oxidized and ionized before being absorbed by the skin, and that measurable absorption takes place only after at least 14 hours. 34 
| Definition of prolonged contact in the EU nickel restriction
The European REACH nickel restriction is aimed at protecting all people from becoming nickel-allergic, and most nickel-allergic people from developing NiACD. 5 This is the first study that has investigated testing for the time periods included in the ECHA guidance definition. Under the occluded conditions tested, using nickel metal and nickel-plated brass discs that significantly exceed the nickel release rate limit, we have found that the current definition protected all individuals in our sample (N = 45).
| CONCLUSIONS
The majority of nickel-allergic subjects did not react to to standardized nickel metal or nickel-plated brass discs after 2 hours, and did not react after repetitive exposure to nickel of 10 minutes on 3 occasions over a period of 2 weeks. This suggests that the length of time needed to cause NiACD under the conditions and with the materials tested, for most nickel-allergic individuals, is greater than the times tested in this study, and greater than that in the ECHA guidance definition. 
